We previously demonstrated that human embryonic mesenchymal cells derived from the palate (HEMP cells) retain alkaline phosphatase (ALP) content and capacity for collagen synthesis after long-term culture, and their growth is markedly stimulated by epidermal growth factor (EGF). There was a dramatic decrease in ALP content and capacity to synthesize collagen in HEMP cells (HEMP-RV cells) persistently infected with rubella virus (RV). EGF increased ALP activity and decreased collagen synthesis in HEMP cells, whereas EGF showed no effect on these activities in HEMP-RV cells. Growth of HEMP-RV cells was slightly reduced compared with that of HEMP cells. EGF stimulated growth of HEMP cells and to a lesser extent of HEMP-RV cells. Binding of '"I-EGF to cell-surface receptors in HEMP-RV cells was, to our surprise, twice as much as that in HEMP cells. However, internalization of bound '"I-EGF in HEMP-RV cells was profoundly diminished. Thus, persistent RV infection causes not only changes in HEMP cell growth and differentiation but a decrease in or loss of HEMP cell responsiveness to EGF. The effects of persistent RV infection on palatal cell differentiation as well as growth may be responsible for the pathogenesis of congenital rubella. Furthermore, since HEMP cells appear to be closely related to osteoblasts, these results suggest a mechanism for RV-induced osseous abnormalities manifested in congenital rubella patients.
Introduction
Since the first report described by Gregg in 1941 (1) , much attention has been paid to the teratogenic and pathogenic effects of rubella virus (RV) .' Clinical studies on wide-spread and virulent rubella epidemics that occurred throughout the United States in 1964 (2, 3) have indicated that RV is one of the most dangerous viruses that affects developing fetuses to cause congenital malformations. The virulence of RV was emphasized by 1. Abbreviations used in this paper: ALP, alkaline phosphatase; DME, Dulbecco's modified Eagle's medium; EGF, epidermal growth factor; FBS, fetal bovine serum; HEMP cell, human embryonic mesenchymal cells from palate; HEMP-RV cells, HEMP cells persistently infected with rubella virus; pfu, plaque-forming unit; RV, rubella virus. the experiments of Cotlier et al., who found that maternal infection with RV results in an induction of congenital rubella diseases in rat embryos and newborns similar to those seen in human (4) . Severe clinical manifestations such as heart disease, eye defects, and deafness may be first noted in infancy (5) and it is likely that these manifestations resulted from the effects of RV on the developing fetus during a critical period of organogenesis. However, little is known of the mechanisms by which RV induces these malformations, partly because a suitable in vitro experimental system has not been developed.
We have recently isolated human embryonic mesenchymal cells from palate cells (HEMP cells) (6) . We have found that the cells possess specific receptors for epidermal growth factor (EGF) and their growth is markedly stimulated by EGF (6, 7) . Furthermore, recently we have found that HEMP cells show increasing alkaline phosphatase activity (ALP) after confluency and synthesize type 1 collagen (8),2 similar to cells with the mature osteoblast phenotype. These results suggest that HEMP cells provide a useful model for biochemical studies on the effects of persistent RV infection on cellular growth and differentiation.
In the present experiments, we first attempted to establish HEMP cells persistently infected with RV (HEMP-RV cells) in culture. We then studied their biochemical properties in comparison with those of uninfected HEMP cells in an attempt to gain insight into the mechanisms responsible for RV-induced diseases that occur in human embryos and newborns.
Methods
Culture of HEMP and HEMP-RV cells. HEMP and HEMP-RV cells were grown in Dulbecco's modified Eagle's medium (DME; Nissui Pharmaceutical Co., Tokyo, Japan) supplemented with 5% (vol/vol) heatinactivated fetal bovine serum (FBS; Gibco, Grand Island, NY) and 1% (vol/vol) penicillin-streptomycin solution (Flow Laboratories, North Ryde, Australia) in a humidified atmosphere containing 95% air and 5% CO2 at 370C. The culture medium was changed every 2 d. When the cells became confluent (10-14 d after inoculation) they were harvested with 0.05% trypsin-0.02% EDTA solution, and subcultured at a split ratio 1:3 and were grown as described above (9) . In the following experiments, HEMP cells at the 10th to 20th passage were used.
Virus and virus assay. RV-strain M-33 was plaque purified and propagated on BHK 2 1/WI-2 cell cultures in DME supplemented with 5% calfserum. The culture medium was harvested at -5 d postinfection, centrifuged, and stored at -70'C as the virus stocks until used. The infectious viruses were assayed by plaque forming ability on BHK 21/ WI-2 cell monolayers (10) . The Alkaline phosphatase (ALP). After the cells (2 X I0O/17 mm) were cultured and incubated for periods as indicated in DME supplemented with 5% FBS and containing 5 mM glycerophosphate or in serum-free DME containing 5 mM glycerophosphate in the presence or absence of EGF (Collaborative Research, Waltham, MA), they were scraped with a rubber policeman in 0.5 ml distilled water and sonicated. ALP activity was assayed according to the method of Majeska and Rodan (13) which was modified from Lowry (14) . The were cultured in DME supplemented with 5% FBS for 10 d. Confluent HEMP or HEMP-RV cells were cultured in serum-free DME supplemented with 50 ug/ml ascorbic acid (Wako Pure Chemical Industries, in the presence or absence ofEGF (10 ng/ml) for 48 h and were incubated for 2 h in the same fresh medium containing 5 4Ci/ml L[3H]proline (100 MCi/mmol, New England Nuclear) and 64 Ag/ml ,-aminopropionitrile fumarate (Tokyo Chemical Industries, Co., Tokyo). The cell layer was scraped with rubber policeman, sonicated, dialyzed against 0.15 M NaCI, 0.05 M Tris-HCI (pH 7.4) containing 1:7 mM phenylmethylsulfonyl fluoride (Calbiochem-Behring Corp., La Jolla, CA) and I mM L-proline (16) and digested with chromatographically purified bacterial collagenase (type III, Worthington Diagnosis Systems Inc., Freehold, NJ) for 3 h at 370C (9) . We confirmed that the collagenase used had no protease activity according to the method described (17) . The reaction was stopped by adding 10% TCA and 10% tannic acid (Wako Pure Chemical Industries, Co.) and the reaction mixture was kept at 40C for 30 min, centrifuged at 1,500 g for 15 min and the supernatants were transferred to counting vials. The precipitates were resuspended in 5% TCA and 0.25% tannic acid, recentrifuged, and the supernatants were combined with the first supernatants and their radioactivity was measured (collagenous protein). The precipitates were solubilized with 0.5 M NaOH and their radioactivity was counted (noncollagenous protein). Percent collagen synthesized was calculated by the formula described (18) . EGF receptor assay. Specific '2`I-EGF binding to HEMP or HEMP-RV cells was measured as described previously (6) . After HEMP or HEMP-RV cells (2 X 105/17-mm dish) were cultured for 10 d in DME supplemented with 5% FBS, the culture media were aspirated and the cells were gently washed twice with 1 ml of binding buffer (DME containing 1 mg/ml bovine serum albumin, 50 U/ml penicillin, 50 Mg/ml streptomycin, and 25 mM NN,-bis-2 hydroxyethyl piperazine-2-aminoethanesulfonic acid at pH 7.4) at 40C and subsequently I ml ofbinding buffer was added to each dish. 0.05-0.5 MCi of '25I-labeled mouse EGF (150-200 MCi/g, New England Nuclear) in 10 Ml of PBS was then added and the cells were incubated for 1 h at room temperature. At the end of incubation, the cells were washed five times with 1 ml of binding buffer at 4°C to remove unbound 25I-EGF and solubilized in 1 ml of lysing buffer (0.1 M Tris-HCI, pH 7.4 containing 0.5% sodium dodecyl sulfate and I mM EDTA) and rinsed with 1 ml of lysing buffer. The combined contents were transferred to counting vials and radioactivity was counted. Nonspecific binding was determined in the presence of2 Mg ofunlabeled mouse EGF and was always <5% of the total binding. Specific binding was obtained by subtracting nonspecific binding from total binding. '25I-EGF internalization. The extent of EGF internalization was determined by the method of Haigler et al. (19) . Cultures were incubated with 0.2 Ci of '25I-EGF for short periods of time at 37°C to allow membrane-bound '25I-EGF to internalize. After removal of the unbound EGF by rinsing with I ml ice-cold binding buffer, the cultures were extracted at 4°C for 4 min with 0.2 M acetic acid and 0.5 M NaCl (pH 2.5). Each plate was rinsed once with the same buffer. The cells were then solubilized by I ml lysing buffer. Radioactivity in the acid and the lysing buffer was counted separately and represents the amount of externally bound and internalized 1II-EGF, respectively.
Protein. Protein was measured by the method of Lowry et al. (20) using bovine serum albumin (Sigma Chemical Co., St. Louis, MO) as a standard.
Statistics. Data were analyzed by Student's t test for unpaired samples.
Results Establishment ofHEMP-R V cells. When HEMP cells were infected with RV at a multiplicity of infection of 0.1, they supported RV replication and produced infectious viruses at a titer of 104 plaque-forming units (pfu)/ml at 4 d postinfection with a slight cytopathic effect. After 1 mo cultivation, infected HEMP cells were maintained in stable culture and grew with a spontaneous release of infectious virus particles into the culture medium. Indirect immunofluorescent antibody staining showed the presence of RV specific antigens in the cytoplasm of HEMP cells (Fig. 1 ). These findings show that the HEMP cells were persistently infected with RV, and so they were designated as HEMP-RV cells. HEMP-RV cells consistently produce infectious virus particles at a titer of 103-I04 pfu/ml. HEMP-RV cells (Fig. 2) , which differs from the previous report (2 1).
Effect ofEGF on HEMP and HEMP-R V cell growth. In a preliminary experiment, we have found that stimulation of HEMP cell growth by EGF is maximal at a concentration of 10 ng/ml (data not shown). As shown in Fig. 3 A, (Fig. 3 B) . The von Kossa stain of these cultures demonstrated the presence of spotlike mineral deposition (Fig. 4 A) . ALP activity in HEMP cells markedly increased in response to EGF (Table II) . On the other hand, ALP activity in HEMP-RV cells remained low during the entire culture period (Fig. 3 B) . In parallel with this, HEMP-RV cultures stained negatively with the von Kossa stain for mineral deposition (Fig. 4 B) . Furthermore, the enzyme activity showed no change after incubation with EGF (Table II) . to HEMP cells (Fig. 5 A) . Scatchard analysis of the binding data revealed that the affinity and capacity ofthe binding of '25I-EGF to HEMP cells is 1.1 X 10-10 M and 100 fmol/mg protein, respectively (Fig. 5 B) . In HEMP-RV cells, the affinity ofthe binding was decreased to 1.9 X 10-10 M, but the capacity was increased twofold ofthat of HEMP cells (Fig. 5 B) . Internalization of'25I-EGF as measured by the amount ofradioactivity resistant to acid extraction was significantly lower in HEMP-RV cells than that in HEMP cells (Fig. 6 B) .
Discussion
It is generally recognized that in vitro establishment ofpersistent RV infection in primary cell cultures ofhuman embryonic origin is difficult. Although there are several reports that describe establishment of diploid cells in RV carrier states, these cells were isolated from cogenitally infected human embryos and infants and showed comparably slow growth and limited life span (22) (23) (24) (25) , and were therefore unsuitable for extensive study of the pathogenesis of the rubella syndrome. Since epidemiological and serovirological studies suggest that the congenital rubella syndrome is due to chronic or persistent infection ofhuman embryos with RV, establishment of a suitable RV-infected embryonic cell line of human origin with functional markers of differentiation and growth is essential to elucidate the precise mechanism of viral pathogenesis. As marked decreases in ALP activity (Fig. 3 B) and collagen synthesis (Table II) and loss of responsiveness to EGF with respect to parameters associated with HEMP cell differentiation (Table  II) . Furthermore, HEMP cell growth was also affected (Fig. 3  A) , which is compatible with the previous reports (21, 25) , and stimulation ofgrowth by EGF was impaired in HEMP-RV cells (Table I) acetylcholine were significantly altered (26) . Recently, the same virus has been shown to perturb endocrine function of pituitary gland cells in experimental animals (27, 28 (29) . Very recently, the roles of reovirus in the production ofhuman disease has been also described (30 (32) . In the present experiments, we have found that HEMP cells showed increasing ALP content after confluency (Fig. 3 B) associated with mineral deposition (Fig. 4 A) (36, 37) , inhibited collagen synthesis (Table II) . EGF has been shown to influence bone cell metabolism (34) . It is, therefore, likely that HEMP cells have some osteoblastic properties. Our findings of no increase in ALP activity (Fig. 3 B) , no mineral deposition (Fig. 4 B) , marked decrease in collagen synthesis, and loss of responsiveness to EGF in HEMP-RV cells are of particular interest in view of the osseous abnormalities seen in congenital rubella syndrome. RV-induced congenital osteopathy consisting of metaphyseal radiolucent lesion in long bones and poor mineralization of the calvarium (5, (38) (39) (40) has been emphasized in addition to the clinical manifestations described above. Heggie reported that RV inhibited growth of human embryonic and fetal rat bones in organ culture (4i), raising a possibility that RV directly affects skeletal growth. Concentration of RV in cartilagenous tissues that presumably results in delayed ossification and retarded bone growth has been also reported (42) . Thus, our findings together with these reports indicate that RV-induced osteopathy is due to not only indirect nutritional and/or metabolic disturbances caused by RV infection in other organs but the direct effect of RV on bone and cartilage cells. We, therefore, would like to propose that alterations of growth and differentiation of HEMP cells by persistent RV infection might be implicated in the mechanism of the bone lesions seen in congenital rubella syndrome.
Since the biological actions of EGF are mediated through specific and high affinity membrane-bound receptors and we already demonstrated that HEMP cells possess specific receptors for EGF with high affinity (6), it is likely that impaired responsiveness of HEMP-RV cells to EGF is due to alteration of EGF receptor expression by RV infection. To our surprise, however, the number of EGF receptors in HEMP-RV cells was greater than that in uninfected counterparts (Fig. 5) . Thus, there is an apparent dissociation between EGF binding and EGF action in HEMP-RV cells. Recently, a similar observation has been made in streptozotocin-induced diabetic rats (43) . In these rats, the effects of insulin on the liver are diminished despite increased insulin binding to its receptors (43) . We have examined internalization of bound EGF in HEMP and HEMP-RV cells and found that internalization of bound EGF in HEMP-RV cells is profoundly reduced compared with that in HEMP cells (Fig. 6) . We speculate therefore that in HEMP-RV cells a process occurring on the plasma membrane subsequent to binding but before internalization might be altered by RV infection. Since it is known that as a first step of viral infection, virus binds to cell-surface receptors (30) and RV is known to be an enveloped virus that buds from the plasma membrane in the replication process (44) , it is likely that persistent RV 
